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(57) ABSTRACT 

A circuit, method and test architecture may be used for 
testing one or more integrated circuits that may be arranged 
upon a printed circuit board. Along with internal logic used 
by the integrated circuit during normal functioning, circuitry 
is included for built-in self-test. In an embodiment, the 
integrated circuits are semiconductor memories and include 
Memory Built-in Self-Test (MBIST) capability. A JTAG- 
compliant interface may be used to control the MBIST 
circuitry so that MBIST test modes can be selected by the 
JTAG Test Access Port controller, and MBIST test results 
can be written into boundary scan cells and scanned out 
through the JTAG Test Data Out port. The addition of a 
high-speed clock signal to the standard 4-wire JTAG inter- 
face allows full-speed operation of the MBIST circuitry. 
Therefore, the integrated circuit can be tested at full speed, 
and the test results scanned out by the slower JTAG clock. 
The use of the JTAG interface with MBIST allows multiple 
interconnected devices to be tested using a single interface. 
This is advantageous for in-circuit testing, since it is not 
necessary to directly probe each device to be tested. It also 
simplifies the use of automated test equipment, since the 
JTAG standard is widely used. 

23 Claims, 5 Drawing Sheets 




03/02/2004, EAST Version: 1.4.1 



U.S. Patent Jan. 20, 2004 Sheet 1 of 5 US 6,681,359 Bl 



12' 



12 

J_ 



TDI 



16 



22 

TMS — ^» 



TCK- 



T 

20 



24 



Or 



24 



Or 



INTERNAL 
CORE LOGIC 



T 

28 



261 



26 



30 



-6 



36 



IDENTIFICATION J 



32 



INSTRUCTION 



TAP 
CONTROLLER 



34 



38 



T 

10 



FIG. 1 

(RELATED ART) 



03/02/2004, EAST Version: 1.4.1 



U.S. Patent Jan.20,2004 Sheet 2 or 5 US 6,681,359 Bl 





03/02/2004, EAST version: 1.4.1 



U.S. Patent Jan.20,2004 Sheet 3 of 5 US 6,681,359 Bl 




03/02/2004, EAST Version: 1.4.1 



U.S. Patent Jan. 20, 2004 Sheet 4 of 5 US 6,681,359 Bl 



140 



LOADMCR 
WITH CODE FOR 
NONDEBUG MODE 



SEND "RUNBIST" 
COMMAND TO 
TAP CONTROLLER 



—150 



—152 



TAP CONTROLLER STARTS 
MBIST IN NONDEBUG 
MODE, AND ENTERS 
RUNTE-ST/IDLE STATE 



-154 




158 

I 



TEST NEXT MEMORY 
LOCATION 



YES 




162— INCREMENT FAIL COUNT 



-144 



HALT MBIST AND 
REACTIVATE TAP 
CONTROLLER 



T 



-164 



TAP CONTROLLER SCANS 
FAILURE COUNT OUT 1—166 
THROUGH TDO 



DONE 1—168 



FIG. 4 



03/02/2004, EAST Version: 1.4.1 



U.S. Patent Jan. 20, 2004 Sheet 5 of 5 



US 6,681,359 Bl 



1944 



196-| 



198H 



LOAD MCR 
WITH CODE FOR 

DEBUG MODE 
t 



-170 



SEND'RUNBIST 
COMMAND TO 1-172 
TAP CONTROLLER 



TAP CONTROLLER STARTS 
MBIST IN DEBUG 
MODE, AND ENTERS 
RUNTtST/IDLE STATE 



-174 



NO 




WRITE FAILURf 
INTO BOUNDARY 


■ INFORMATION 
' SCAN REGISTER 







-184 



PUT MBIST INTO MW/f STATE AND . QC 
REACTIVATE TAP CONTOLLER - 186 



I 



ITAP CONTROLLER SCANS FAILURE 
INFORMATION OUT THROUGH TDO 



-188 




FIG. 5 



03/02/2004, EAST version: 1.4.1 



US 6,681,359 Bl 

1 2 

SEMICONDUCTOR MEMORY SELF-TEST package as the circuit itself. With the test circuitry in such 

CONTROLLABLE AT BOARD LEVEL USING close proximity, the difficulty in monitoring and controlling 

STANDARD INTERFACE high-speed signals is reduced. A simplified external tester 

communicates with the BIST circuitry, and has only to 
5 initiate tests and collect the results. 

BACKGROUND OF THE INVENTION BIST has been used successfully in testing semiconductor 

1. Field of the Invention memory devices. In this context, the term Memory Built-in 
This invention relates to semiconductor memory device Self-Test (MBIST) is often used. However, MBIST requires 

testing, and more particularly to an architecture and method adding significant test circuitry to the memory device, as 

for testing semiconductor memory devices, wherein each of 10 wel1 additional I/O pins on the device package dedicated 

the devices includes memory built-in self-test ("MBIST") t0 MBIST test functions. Also, MBIST is not intended for 

circuitry. Described herein are means for integrating a testing multiple interconnected devices. For example, in a 

standard test communications interface with the MBIST board populated with several integrated circuits, each IC 

circuitry. This enhancement permits control of MBIST would independently run its own self -test, without commu- 

execution and export of MBIST test results via the commu- 15 nicating with its neighboring devices. This complicates 

nications port. testing, since the tester must directly interface with every 

2. Description of the Related Art one of the !Cs 

Testing an integrated circuit can be performed in various 11 would be desirable to control BIST circuitry at the 

ways. For example, the integrated circuit can be tested while 20 board level » a standard interface, by means of which 

in wafer form using test probe operation. Additionally, or outcome (pass/fail) information and/or test findings, such as 

alternatively, the integrated circuit can be tested after it is failure counts or bllma P failure locations, could be obtained 

scribed and packaged. In either instance, sequential and/or from tne BIST circuitry. Preferably, the interface would not 

combinatorial logic of the integrated circuit must be tested "^re the addition of a lar g e numbcr of device P" 15 to thc 

using input test data, generally referred to as "test vectors." 25 integrated circuit package. It would be of further advantage 

Test vectors are supplied from a commercial test machine or t0 nave the abllit y t0 s*™^ lest multiple memory devices 

Automated Test Equipment ("ATE"). Alternatively, the test wlh a sin eJe ATE interface, 

vectors can be provided from circuitry upon the integrated ctix/x* adv nr tuc iKT\mKrrtn\j 

circuit. Such circuitry is often referred to as built in self test SUMMARY OF THE INVENTION 

("BIST") circuitry. BIST circuitry may use a pseudo-random 30 The problems outlined above are addressed by a system 

sequence generator to produce test vectors forwarded to the and method for conducting MBIST in a semiconductor 

functional core logic of the integrated circuit. memory device using a standard interface. In an embodi- 

As semiconductor technology has advanced, making pos- ment of an integrated circuit described herein, the integrated 

sible higher levels of integration, device testability has circuit includes a functional circuit adapted to perform a 

become increasingly problematic. Semiconductor manufac- 35 function associated with the integrated circuit, a self-test 

turers have resorted to higher pin counts and smaller pin circuit adapted to lest the functional circuit, and a test 

separations on device packages, in order to accommodate interface circuit adapted to initiate testing by the self-test 

densely populated integrated circuits. It is no longer feasible circuit and to receive results from the testing. The self-test 

in some cases to probe these integrated circuits externally, circuit includes a plurality of serially linked boundary scan 

because of the minute physical dimensions of the package 40 cells, and the test interface circuit includes serial input, serial 

leads. Furthermore, device operating speeds have also output, clock, and mode control connections, or ports. The 

increased to the point where loading and introduction of results include test findings, where test findings as used 

noise by external probes has become an important consid- herein are more detailed than simple pass/fail information 

eration. (referred to herein as a "test outcome"). For example, test 

An important development related to the testing of inte- 45 findings may include a count of failures found during testing 

grated circuits is built-in self-test (BIST) capability. BIST by the self-test circuit, and/or locations of such failures 

technology has arisen out of the need to test ever more within the circuit. 

complex integrated circuits, such as modern microproces- In further embodiments, the integrated circuit may 

sors. Traditional methods of testing rely on external test include a semiconductor memory device. The test interface 

equipment, such as oscilloscopes and logic analyzers. Often, 50 circuit is preferably compliant with the IEEE 1149.1 

huge numbers of test cases must be evaluated to fully standard, or "JTAG -compliant." The self -test circuit may 

validate a sophisticated integrated device, and the amount of include BIST circuitry adapted to receive a BIST clock 

time required for a human tester to administer a full suite of signal, and a counter having an input operably coupled to the 

tests becomes prohibitive. Automated Test Equipment BIST circuitry and an output operably coupled to the test 

(ATE) can often be employed to test such complex devices, 55 interface circuit. "Operably coupled" as used herein refers to 

but is expensive and time-consuming to set up. Therefore, a connection (either direct or indirect) existing when the 

the use of automated testers is largely limited to the pro- circuit or system is operational (e.g., powered up or 

duction environment. Furthermore, for many high- enabled). The test interface circuit may include a test access 

performance integrated circuits, even an automated tester port (TAP) controller coupled to the serial input, clock and 

may not be feasible. For instance, some processors operate 60 mode control connections, and a multiplexer adapted to 

at such high clock rates that it is virtually impossible to receive output signals from the TAP controller, the counter, 

maintain the integrity of data and control signals over the and the boundary scan cells. The integrated circuit may 

distance separating the IC and the tester. For these, and other further comprise synchronization circuitry adapted to syn- 

reasons, much of the test functionality has been moved into chronize a high-speed clock signal for the self -test circuit 

the integrated circuit itself. The BIST circuitry may share the 65 (such as the above-mentioned BIST clock signal) to a clock 

same die as the integrated circuit itself. Alternatively, the signal for the test interface circuit (such as a JTAG clock 

BIST circuitry may be on a different die, but within the same signal). 
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In a method described herein for testing an integrated control ports of all of the memory circuits. The test interface 

circuit, a BIST routine is executed to test a functional portion connections are adapted to allow testing of all of the memory 

of the integrated circuit, and test findings are transferred circuits without altering the coupling of the tester interface 

from the integrated circuit through a serial output connec- circuit to the memory circuits, 

tion. The serial output connection is associated with an s 

interface that also includes serial input, mode control, and BRIEF DESCRIPTION OF THE DRAWINGS 
clock connections. 0ther ob j ects and advantages of the invention will 
In further embodiments, the integrated circuit may become apparent upon reading the following detailed 
include a semiconductor memory device. Furthermore, the description and upon reference to the accompanying draw- 
test findings may include a failure count. In such an 10 m gs m which: 

embodiment, the fractional portion may include a semicon- FIG. 1 is a block diagram of a JTAG^ompliant integrated 

ductor memory and the failure count may represent a circuit> i, lustralins me re i ationship ^Iv,™ lhe logic , 

number of failed memory locations. In some embod.menls j ^ ins ^ ^ e , emenls e(J |he 

the functional portion of the integrated circuil I may be tested integrated dral ^ and a TAP ^o^. 

at its full operational speed. The test findings may be 15 . . , , _ „ 

transferred from the integrated circuit to an external tester, na \ 15 an embodiment of an MBIST system for a 

and may be transferred using a JTAG<ompliant interface. semiconductor memory device; 

This method may correspond to testing the integrated circuit $\G. 3 is a block diagram of an embodiment of an 

using a rapid testing mode, in which the BIST routine is integrated circuit including MBIST capability using a 

allowed to operate at full speed. 20 JTAG-compliant interface as described herein; 

Alternatively or in addition, a method for testing an FIG. 4 is a flow chart illustrating a high-speed (rapid 

integrated circuit as described herein may include executing testing) test mode embodiment; and 

a BIST routine until a failure is detected at a location within FIG. 5 is a flow chart illustrating a detailed analysis test 

a functional portion of the integrated circuit, and writing the mode embodiment. 

location of the failure to a set of boundary scan cells within 25 while the invention is susceptible to various modifica- 

the integrated circuit. The location of the failure may then be t j ons alternative forms, specific embodiments thereof 

transferred from the boundary scan cells through the serial are shown by way of example in the drawings and will 

output connection, and the execution of the BIST routine herein be described in detail. It should be understood, 

resumed. Such an embodiment may correspond to testing of ^ however, that the drawings and detailed description thereto 

the integrated circuit in a detailed analysis mode. This a re not intended to limit the invention to the particular form 

testing in the detailed analysis mode may be initiated disclosed, but on the contrary, the intention is to cover all 

depending on the value of the failure count obtained during modifications, equivalents and alternatives falling within the 

testing using the above-described rapid testing mode. S pjn t and scope of the present invention as defined by the 

The rapid testing mode described above may also be 35 appended claims, 
referred to herein as a "Non-Debug" mode, and the detailed 

analysis mode as a "Debug" mode. In an embodiment of the DETAILED DESCRIPTION OF PREFERRED 

Non-Debug mode, the functional circuitry of the integrated EMBODIMENTS 

circuit may be tested at full operational speed, and a pass/fail j n some embodiments described herein, a JTAG- 

result and the number of failures returned at the end of the ^ compliant interface is used. Issued as IEEE Std. 1149.1 and 

test. In an embodiment of the Debug mode, testing may be 1149.1a, the JTAG ("Joint Test Action Group") standard was 

performed at a different (e.g., reduced) speed and the loca- developed to allow standardized testing of an integrated 

tion of all failing memory cells returned at the end of the test. circuit after it has Deen assembled onto a printed circuit 

In addition to the integrated circuit and method described board. Moreover, the JTAG standard provides for testing 

above, a test architecture is described herein. In an 45 numerous integrated circuits on the board as well as the 

embodiment, the test architecture may include multiple interconnection of those circuits to the printed conductors of 

semiconductor memory circuits as described above, where the board. In-system testing is therefore provided for testing 

each memory circuit includes a memory self-test circuit. The the entire, assembled printed circuit board using pins asso- 

memory circuits are adapted to be coupled together during ciated with a test access port ("TAP"). The term "JTAG- 

testing such that test findings from all of the memory 50 compliant" will be used herein to refer to any device 

self- test circuits may be obtained using a single external functionally consistent with the IEEE Std. 1149.1 specifi- 

tester, without altering the coupling of the tester to the cation. 

memory circuits. The jjaG standard calls for the inclusion of diagnostic 

In further embodiments of the test architecture, each circuitry with the core logic of the device under test. Among 

memory circuit may include a test interface circuit adapted 55 this diagnostic circuitry is a boundary scan register, which 

to control testing of the corresponding semiconductor functions analogously to a parallel-in/parallel-out shift reg- 

memory by the corresponding memory test circuit and ister. The scan register is capable of applying diagnostic bit 

receive results from the testing. Each test interface circuit patterns ("test vectors") to the inputs of the core logic, and 

may include serial input, serial output, clock, and mode capturing the resulting state of core logic outputs. This 

control ports, and the multiple memory circuits may be 60 feature is quite useful for input/output characterization of 

linked by one or more test interface connections. In such an many semiconductor devices, but has the disadvantage that 

embodiment, the test architecture may further include an the test vectors must be entered and the test results retrieved 

external tester having a tester interface circuit. The tester in serial form. Complete characterization of a memory 

interface circuit may be operably coupled to the serial input device typically calls for the creation of a large number of 

port of a first memory circuit of the multiple memory 65 input test vectors, and the inspection of equally many 

circuits, and to the serial output port of a last memory circuit resultant output vectors. Serial transmission of this much 

of the multiple memory circuits, and to the clock and mode data may be prohibitively time-consuming. 
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Furthermore, the JTAG standard is dissimilar to MBIST Our" (TOO) pin 18. Latching and/or shifting of data by the 
circuitry as typically used in memory testing. In general, scan cells is synchronized to the "Test Clock'* (TCK) input 
JTAG testing and MBIST require different sets of pins to 20. This functionality allows the chain of scan cells to be 
interface to a tester. In addition, JTAG testing is quite slow used to generate test vectors for the integrated circuit, and to 
(run at frequencies on the order of 10 MHz) compared to 5 probe the state of the internal core logic. For example, a test 
MBIST testing, which may be done at frequencies of 100 vector may be created by serially transmitting the desired bit 
MHz and higher. Dissimilarities such as these hamper other pattern into TDI input 16 and shifting each bit to the 
approaches to running MBIST using a standard interface. appropriate scan cell; an update operation may then be 
For example, the RUNBIST instruction provided in the performed to apply the stimulus to the core logic. The 
JTAG specification allows initiation of full-speed execution 10 operating mode of the cells is controlled by the TAP con- 
of MBIST circuitry within a memory device, and access to trailer 38, which receives instructions in serial form via 
a one-bit pass or fail result at the end of the test. However, "Test Mode Select" (TMS) input 22. (For simplicity, con- 
detailed test results, such as memory fault locations or even nections between TAP controller 38 and the other JTAG 
the number of faults detected, are not obtainable in this components, such as scan cells 24 and 26, are not shown.) 
mode. Another approach to MBIST control is a BIST 15 Th e JTAG standard permits multiple integrated circuits to 
controller such as the memBIST-IC controller available be jointly tested. TDI 16 and TOO 18 are daisy-chained 
from Logic Vision, Inc. of San Jose, Calif. Although this through each boundary scan cell 24 and 26, and from 
controller may allow access to detailed test results, it uses a integrated circuit to integrated circuit, whereas TCK 20 and 
non-standard 7-pin interface at the chip level. TMS 22 are broadcast (i.e., driven in parallel). Prior to 

By contrast, the method and circuit described herein allow 2 o entering the first of the daisy-chained integrated circuits, 

control of MBIST using the standard 4-pin JTAG interface, signals upon TDI, TOO, TMS, and TCK of the TAP are 

plus a BIST clock input for the high-speed MBIST testing. typically derived from Automatic Test Equipment (ATE). In 

In an embodiment, the MBIST and JTAG test circuitry some cases, testing may be focused on one particular device 

function interactively, such that MBIST execution at full- among a group of daisy -chained devices. It may then be 

speed alternates with the slower JTAG retrieval of detailed 2 5 expedient not to require the JTAG data to propagate through 

test results. The method advantageously allows the MBIST the scan registers of the other devices on its way to the 

circuitry to operate in either of two modes. In the first mode, device of interest. Bypass cell 30 allows the signals entering 

a rapid testing mode, the MBIST circuitry may test the TDI 16 to pass directly to TOO 18, via multiplexor 32, 

memory at full speed and return a failure count and a without having to be sequentially shifted through scan cells 

pass/fail verdict (test outcome) through the JTAG interface. 30 24 and 26. Also present within the JTAG-compliant inte- 

In the second mode, a detailed analysis mode, the MBIST grated circuit are instruction register 34 and identification 

circuitry may test the memory at less than full speed and register 36. JTAG instructions are 2 or more bits in length, 

record the location of every faulty memory cell; at the end The IEEE Std. 1149.1 specification is deliberately open- 

of the test, these locations may be scanned out through the ended with regard to what constitutes a valid instruction; this 

JTAG interface. Advantageously, the system and method 35 allows considerable freedom for integrated circuit designers 

disclosed herein avoid the addition of numerous device pins to create device -specific instructions for performing diag- 

to the integrated circuit package in order to interface to the nostic functions. The identification register 36 may contain 

MBIST circuitry. Instead, MBIST operation is directed a unique device number or code that can be scanned out 

through the JTAG interface. In addition to the standard through the JTAG port to identify a particular device. 

JTAG complement of 4 pins, MBIST requires one additional 40 IEEE Std. 1149.1 dictates that for an integrated circuit to 

pin for a high-speed clock. This circuit and method may De JTAG-compliant, all its inputs must be observable and all 

allow detailed test information, such as failure counts and outputs must be controllable. The series-connected 

failure locations, to be obtained using a four-pin JTAG- boundary scan cells (i.e., the scan register) satisfy this 

compliant interface. Use of the JTAG interface further requirement by emulating a parallel-in/parallel-out shift 

allows multiple integrated circuits on a board to be con- 45 register, in which the scan cells are configurable for four 

nected together and tested using an external tester linked to modes of operation: normal, capture, scan and update. By 

a single JTAG interface on the board. operating the scan register in the capture mode, the inputs to 

FIG. 1 is a block diagram of a JTAG-compliant integrated the integrated circuit can be recorded in the input scan cells, 

circuit 10 having multiple input 12 and output 14 conductors and the outputs of the integrated circuit can be recorded in 

(pins), and four additional device pins 16, 18, 20, and 22 50 the output scan cells. This is analogous to a parallel load 

associated with the JTAG interface. Integrated circuits gen- operation in a shift register. When the scan register is 

erally include more than the number of device pins shown. operated in scan mode, each scan cell relays its contents to 

Therefore, FIG. 1 is used only as an abbreviated example so the next, in the characteristic manner of a shift register. As 

as not to unduly complicate the drawing. A boundary scan shown in FIG. 1, the input lo the first stage of this shift 

register within the integrated circuit consists of multiple 55 register is TDI input 16, and the output of the final stage is 

input scan cells 24 and output scan cells 26. Also within the TDO output 18. In update mode, the data recorded within 

integrated circuit is internal core logic 28, which performs each scan cell is presented at its output. This is analogous to 

the primary device functions of the integrated circuit. a parallel unload operation in a shift register. A particular set 

Typically, there is a boundary scan cell between every of input signals (or, test vector) may be created with which 

input/output pin of the device and the core logic. 60 to test the integrated circuit, by serially loading the input 

Scan cells 24 connected to input pins 12 may be config- scan cells with the appropriate signal for each input of the 

ured to record inputs to the internal logic; similarly, cells 26 integrated circuit. As mentioned above, this can be done 

connected to output pins 14 are able to record outputs from without interfering with the normal operation of the device, 

the internal logic. It is also possible to configure the scan Using scan mode, a test vector may be entered in serial form 

cells so that data presented at the "Test Data In" (TDI) pin 65 through the TDI input 16, clocking each bit of the vector 

16 is relayed from cell to cell (in the direction indicated by through the stages of the scan register to the appropriate cell, 

the solid arrows), ultimately appearing at the "Test Data Then, an update operation temporarily disconnects the 
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inputs of the internal logic from the input pins and couples the test whenever an error is detected to write the failing 

them to receive the test vector from the respective cells of memory address and control state information into the scan 

the scan register. In a similar manner, the outputs of the cells. This information may then be scanned out through the 

internal logic can be recorded (using capture mode) in the JTAG port, after which DEBUG mode testing resumes, 

scan register and read out of the TDO output 18 in serial 5 Operation in PARALLEL mode is similar to that of DEBUG 

f orm mode, except that device outputs may become active when- 

™ . 4 . TPrr o* j ■% -1 At\ 1 j j * j * • • . ever a fault is detected by the MBIST, making it possible to 

The existing IEEE Std. 1149,1 standard provides limited ^ n ^ r A\^ nnc ^t^ M ,,;„ m , n< ud ct tcct ™^. 

. e • . _r ■ * ir . . • -. a mrxroTo^ trigger diagnostic test equipment. MBIST TEST mode may 

support for interfacing to self-test circuitry. A RUNBIST ff 6 lf , t - ' 1 ^ ICT# . — , ... , J 

j • j c j - * . • .r* . i~ • •** * a perform a self -test of the MBIST test circuitry. In this mode, 

mode is defined m which a self-test sequence can be initiated r . . .; T „ ( , T . 

u *u itap * a 1 /r -i u a m speaal logic between the memory and the MBIST circuitry 

through the JTAG port, and a 1-bil pass/fail result scanned 10 • .u - a . * * c .t. . .u 

. T *u a c\i \ * u .u ■ r *- ma Y invert the expected test pattern, to verify that the 

out at the end of the test. However, this information is U1 ; TCT ... « . . ,. r ^ 3 

~- ■ . * # . MBIST will detect the discrepancy, 

insufficient for diagnosUc purposes. „_ _ ■ , 

m „^ / , ,. _ W „ BCVW , FIG. 3 contains a block diagram showing an embodiment 

Turning now to FIG. 2, an embodiment of an MBIST of , he t techni for ^nUni MBIST circuitry 

T™J 0t " ^ m f> ndu *°' mem ?^device * shown The ^ , jTAG^pija,,, ^fcce. ^ fo i lowillg deUi ied 

MBIST control scheme of. FIG. 2 is similar to that available discussion of the method and mm disclosed herein refer 

from LogicViston, Inc. The memory matrix 70 within the , 0 mis di The integrated 100 in this embodi . 

integrated circuit receives data 80, addresses 82, and control meD , b , ^j^co, memoiy device . ^ four ^ of 

signals 84 and outputs data 88. Inpufc 80, 82 and 84 to the , he standard inIerfkce 

are shown as TDI (Test Data In) 

memory matrix 70 pass through multiplexers 74, 76 and 78. lft2 ms ^ Mode sdect) m TCK (Tes , aock) m 

These multiplexers select either external devices or the and TO0 (Tes , Data ^ m , n addition to ^ four deyice 

MBIST controller 72 as the source for these signals. ^ the standald JTAG interface> , mgh . speed 

Similarly, demulUplexer 86 routes the data out 88 from dock j , in BIST _ C LK 110 may be provided on the 

memory matrix 70 to either external devices or MBIST me deyice tQ enjbk mll . s ^ testin in NONDEBUG 

controUer 72. The multiplexers and demultiplexer are con- mode ,„ lhjs embodimen , of the present system and method> 

ttolled by a TAP controller. During normal use, the data-in th6S6 fiv6 si u ^ ^ co^^t;^ mterfac6 . 

80, address 82, control 84 and data-out 88 buses are con- F(jr si licit the other device ins (i e ( addresSf data> 

nected to external circuitry, such as a microprocessor. Dur- write<nable> etc . } are not snown in FIG . 3 . 

ing testing, the multiplexers 74, 76 and 78, and demulti- ^ ^^^d signals (except for BIST_CLK 110) 

plexer 86 redirect these buses to the MBIST control , , . ~ An . « n>f u - u j .u 

. ™_ . . t - ha r *i_ wnrcT 30 are coupled to TAP controller 112, which provides the 

circuitry. The communications interface 90 for the MBIST n- A ^ i- * • * * , L j ■ . i. 

, . T ii- . . . _r JTAG-comphant interface to the memory device. Distnb- 

controller shown comprises 7 signal lines. This interface . , ... . r ,. . . . , . . 4 . XjtT , TO T> • u 

. . . . .j^.^- . / att\ . uted withm the mtegrated circuit is MBIST circuitry, shown 

may be used by Automated Test Equipment (ATE) to com- . ni „ - , wmc , T 4 ^ V r 

J . . f , »,t^ T o^ ,» .1 m FIG. 3 as separate MBIST controllers 116. Each of the 

municate with the MBIST controller, e.g., to send UT)IPT . „ . . . c tU 

, . t l4 * all if; . i. MBIST controllers interfaces to a portion of the memory 

commands, receive test results, etc. Although test results . . , . . . , , . . , 

, ' , r , . 1t ' _ . r 35 matrix 136 being tested over a bi-directional bus 138. 

may be scanned out of the MBIST controller, the interface „. .juj u ma 

3 . - ( . . . Series-connected boundary scan cells 114 comprise a scan 

may not be capable of being ^ries-connected with other r Iq accordance ^ ^ , E£E Std m * x standard 

controUers. Thus, it may not be possible to test multiple ef can receive ^ from me TO , m 

mterconnected memory devices usmg a smgle mterface. input, and can shift its contents out through TDO 108 output. 

In an embodiment of the present method, MBIST circuitry ^ of tne scan register are also coupled to receive 
is provided with a JTAG-compliant interface in a semicon- parallel input from the MBIST controllers 116. This pro- 
ducer memory device. The JTAG-controllable MBIST vides a mcans for each MBIST controUer to export test 
affords several advantages, including fewer device pins results In DEBUG mode> an MBIST controller may write 
dedicated to the interface, and the ability to test multiple the i ocat j on 0 f a faulty memory cell to the adjacent cells of 
interconnected memory devices (or other JTAG-compliant 45 the scan Kg ^ Tt following which, the TAP controUer may 
ICs) using a single JTAG communications port. Provision of shift the inforrnation out ^riaHy as TDO__MBIST 122. In 
the JTAG port aUows boundary scan diagnostic software NONDEBUG mode, diagnostic block 132, which may con- 
running on a personal computer to access the MBIST tain a counter, may count the number of failures reported by 
controUer, creating a convenient means by which to coor- t he MBIST controUers 116 over high-speed data paths 134. 
dinate testing and retrieve test results. (An example of such 5Q A pass/fail result> along ^th the total number of failures 
software is the Asset Test Development Station, from Asset may then be SCAntSj ^ out as TDO_DIAG 120. Other JTAG- 
Intertech, of Richardson, Tex.) related outpm may a pp ear on TDO_JTAG 124. TDO mul- 

The MBIST controUer in the present method may support tiplexer 118 selects TDO_JTAG 124, TDO_DIAG 120 or 

both detailed analysis (called, in an embodiment, TDO_MBIST 122 as the source for TDO output 108. This 

"DEBUG") and rapid testing (called, in an embodiment, 55 selection is determined by the TAP controller 112. 

"NONDEBUG") operating modes. Two additional modes of Testing of a semiconductor memory device incorporating 

operation, "PARALLEL" mode and "MBIST_TEST" mode t he combined JTAG/MBIST capability disclosed herein 

may also be available. Selection of one of the test modes is preferably begins in the NONDEBUG mode. As previously 

based on a-2-bit Mode Selection Register (MCR) within the stated, in this mode testing may be performed at the full 

TAP controUer. In each mode, test commands are sent and 60 operational speed of the memory and result in a simple 

test results retrieved using the JTAG communications port. pass/fail verdict, together with a failure count. In an 

In the NONDEBUG mode, the memory may be tested at embodiment, the NONDEBUG mode uses the JTAG- 
full operating speed. At the end of the test, the controller compUant "Run BIST* command to place the TAP control- 
may return a simple pass/faU result, along with a count of the ler 112 into a run test/idle state. This aUows the MBIST 
number of failures detected. These results are obtained from 65 controUer 116 to run at fuU speed, using the high-speed 
the MBIST controUer through the JTAG interface. In the clock BIST_CLK 110. A counter in the diagnostic block 
DEBUG mode, on the other hand, the controller may pause 132 may be incremented for each error detected by the 
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MBIST. The TAP controller has previously programmed operation, while FIG. 5 represents operation in DEBUG 

TDO multiplexer 118 to select the output of the diagnostic mode. As stated earlier, NONDEBUG mode testing may be 

block (TDO_DIAG) 120, so at the end of the test, the failure performed at the full operational speed of the integrated 

count and a 1-bit pass/fail verdict may be scanned out circuit and returns the number of faults detected and a 

through TDO output 108, using the slower JTAG clock TCK 5 pass/fail result, without detailed error information. 

106 Therefore, it is preferably run before the device is tested in 

..... . MAxm C Di ( p a DEBUG mode. Note that the JTAG and MBIST portions of 

A memory that fails in the NONDEBUG mode may ^ ^ ^ m ^ ^ mode ^ 

warrant further testing. For example, it may be necessary to 140 ^ fiflal sUge m q[ teslingj me JAp 

learn the locations of the failed memory cells so that the aclivc> while m the intermediate stage 142, the MBIST 

memory can be repaired. In the DEBUG mode, the JTAG 10 circuitry is active. A test controller, such as an ATE or a 

interface may operate interactively with the MBIST control- computer equipped with a JTAG communications interface, 

ler to collect detailed diagnostic information about the ^ assumed to be connected to the JTAG port of the memory 

memory. During DEBUG mode testing, multiplexer 118 is device(s) being tested. Initially, the test controller issues the 

programmed to select TDO___MBIST line 122. The TAP instruction code for NONDEBUG mode testing over the 

controller enters a run test/idle state and initiates DEBUG 15 TDI input. This code is loaded 150 into the MCR within the 

mode operation of the MBIST controllers. When an MBIST TAP controller. When the test controller sends 152 a RUN- 

controller encounters a failure, it may write the failing BIST command, the TAP controller in the memory device 

address and related test information to adjacent boundary responds by starting 154 the MBIST; the TAP controller then 

scan cells and signals the TAP controller. The TAP controller enters a runtest/idle state until the MBIST has completed 

then may temporarily pause the MBIST controller by plac- 20 execution. The MBIST controller tests every memory loca- 

ing it in a wait state, while the information in the boundary tion 156 > 158 and 160 » «*«"s 162 *e failures. When all 

scan cells is shifted out through TDO output 108 by JTAG lhe locations have been tested, the MBIST enters a halt state 

clock TCK 106. After this information has been scanned out and l f he TA ? Roller * reactivated 164. Using the JTAG 

of the JTAG port, the MBIST is reactivated. interface, lhe test controller scans out 166 the fauure count 
„ , . , . . . .25 ant > pass/fail verdict compiled by the MBIST. This com- 

In an embodiment, a 100-bit packet is transmitted out of , e , es l6Slin in ^ N0N DEBUG mode 168. If the failure 

TDO output 108 for every failure encountered during ajun| fe f , nan zerQ bu( no , M lha , lhe me 

DEBUG mode testing. The packet may comprise header and device ^ able> testin continue in the DEBUG 

trailer bits, along with addresses of failing memory mo de 

locations, MBIST control states, input/output test paUerrc, ^ ^ ^ FIQ ^ ^ m and MfflST m 

etc. Within the packet may be a test_done bit. When the u . , . tmttjtt^ j * .* *u 

. r , ,v j t. • • ». t . • functions alternate during DEBUG mode testing, as was the 

memory test is completed the test_done bit in the packet is ^ ^ N0 NDEBUG mode. The test controller initiates 

set. This indicates to the ATE or computer that the test has p. rr , ITP , , .. . . . # . ■.•».• 

r DEBUG mode testing by issuing the appropriate instruction 

en e ' code over the TDI input, causing it to be loaded 170 in the 
In both NONDEBUG and DEBUG modes, the high-speed 35 MCR ^ test controller then sends 172 a RUNBIST 
clock BIST_CLK 110 may be synchronized to the JTAG command. In response, the TAP controller starts 174 the 
clock TCK 106 by synchronization logic 128. The test__h MBIST, and then enters the runtest/idle state. The MBIST 
output 126 from TAP controller 112 may be derived from controller tests 176 each memory location, until a faulty cell 
TCK 106, and gates B1ST_CLK 110. This creates a syn- ^ detected 178. When a bad cell is found, the location of the 
chronous high-speed clock sync_start 130, which is dislrib- ^ cdl> along ^ olher related information, is written 184 in 
uted to each of the MBIST controllers 116. This allows tests the form of a 100-bit failure information packet into the 
to run at the speed of the BIST_CLK 110, while permitting boundary scan register. The MBIST sets 182 the test_done 
test results to be scanned out at the speed of the slower JTAG bit in the failure information packet when the last memory 
clock TCK 106. cell ^ tested jgo. After writing 184 the packet into the 
With the method and system disclosed herein, MBIST 45 boundary scan register, the MBIST enters a wait state, so 
testing may be controlled by the JTAG interface. Therefore, that the TAP controller can be reactivated 186 long enough 
testing of one or more interconnected devices is easily to scan out 188 the packet through the TDO output of the 
accomplished by relaying test commands and results over JTAG port. The test controller is notified 190 by the test_ 
serially-connected JTAG ports. Direct access to the MBIST done bit in the failure information packet when the test is 
interface of a particular device on a densely populated 50 terminated 192; otherwise, the TAP controller returns con- 
circuit board is not always practical, due to the proximity of trol 174 to the MBIST, and DEBUG mode testing continues, 
other components or similar physical constraints. The It will be appreciated to those skilled in the art having the 
present method overcomes such problems, however, since it benefit of this disclosure that the embodiments described are 
is only necessary to form a single JTAG connection to test believed applicable to testing semiconductor memories or 
all the devices in the series. A sequence of serially connected 55 om er integrated circuits, during manufacturing or after these 
devices may be tested, for example, by connecting the tester devices have been installed on a printed circuit board. In 
to the TDI port of a first device in the scries, and the TDO addition to the modes described above, such as the NON- 
port of the last device in the series, where the devices in DEBUG and DEBUG modes, the possibility of other 
between each have their inputs connected to the output of the MBIST operating modes is recognized and considered 
previous device. The TCK and TMS ports may all be 60 within the scope of the present invention. Various 
connected together, and to the tester's JTAG interface. architectures, circuitry, and methodologies which may be 
Therefore, the combination of JTAG compliance with used to produce the advantages discussed herein are set forth 
MBIST facilitates in-circuit testing of semiconductor m the claims. Accordingly, the specification and drawings 
memories and other integrated circuits. are to be regarded in an illustrative rather than a restrictive 
A flowchart depicting the operation of the JTAG- 65 sense as to possibly numerous architectures, circuitry, and 
controlled MBIST test method described herein appears in methodologies which fall within the spirit and scope of the 
FIGS. 4 and 5. FIG. 4 corresponds to NONDEBUG mode present invention. 
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What is claimed is: 

1. An integrated circuit, comprising 

a functional circuit of the integrated circuit, wherein the 

functional circuit is adapted to perform a function 

associated with the integrated circuit; 
a self-test circuit adapted to test the functional circuit, and 

comprising a plurality of serially linked boundary scan 

cells; and 

a test interface circuit adapted to initiate testing by the 
self-test circuit, wherein the test interface circuit com- 
prises: 

serial input, serial output, clock and mode control 
connections; and 

a multiplex coupled to receive results from the testing 
and to send the results to the serial output 
connection, wherein the results comprise one of a 
failure count or a failure location depending on an 
operational mode of the self-test circuit. 

2. The integrated circuit as recited in claim 1, wherein the 
integrated circuit is a semiconductor memory device. 

3. The integrated circuit as recited in claim 1, wherein the 
test interface circuit complies with the IEEE 1149.1 (JTAG) 
standard, and wherein the serial input connection comprises 
the JTAG Test Data In (TDI) connection, the serial output 
connection comprises the JTAG Test Data Out (TDO) 
connection, the clock connection comprises the JTAG Test 
Clock (TCK) connection, and the mode control connection 
comprises the JTAG Test Mode Select (TMS) connection. 

4. The integrated circuit as recited in claim 1, wherein the 
self-test circuit further comprises: 

built-in self-test (BIST) circuitry operably coupled to the 
functional circuit and to the boundary scan cells, 
wherein the BIST circuitry is adapted to receive a BIST 
clock signal; and 

a counter having an input operably coupled to the BIST 
circuitry and an output operably coupled to the test 
interface circuit. 

5. The integrated circuit as recited in claim 4, wherein the 
test interface circuit further comprises: 

a test access port (TAP) controller coupled to the serial 
input, clock and mode control connections; and 

the multiplexer, wherein the multiplexer is adapted to 
receive an output signal from the TAP controller, the 
failure count from the counter, and the failure location 
from the boundary scan cells. 

6. The integrated circuit as recited in claim 1, wherein the 
self-test circuit is adapted to be driven by a high-speed clock 
signal, which is substantially faster than a low-speed clock 
signal coupled to drive the test interface circuit. 

7. The integrated circuit as recited in claim 6, further 
comprising synchronization circuitry whereby the high- 
speed clock signal may be synchronized to the low-speed 
clock signal. 

8. The integrated circuit as recited in claim 6, wherein the 
high-speed clock signal is faster than the low-speed clock 
signal by at least an order of magnitude. 

9. A method for testing an integrated circuit, said method 
comprising: 

testing the integrated circuit using a raped testing mode, 

wherein said testing comprises: 

executing a built-in self-test (BIST) routine to test a 
functional portion of the integrated circuit; 

transferring results from the BIST of the integrated 
circuit through a serial output connection associated 
with an interface also comprising serial input, mode 
control, and clock connections, wherein the results 
comprise a failure count; and 



depending on a value of the failure count, re- testing the 
integrated circuit using a detailed analysis mode. 

10. The method as recited in claim 9, further comprising 
5 storing the failure count in a counter within the integrated 

circuit. 

11. The method as recited in claim 9, wherein the inte- 
grated circuit comprises a semiconductor memory device, 
the functional portion comprises a semiconductor memory, 

10 and the failure count represents a number of failed memory 
locations. 

12. The method as recited in claim 9, wherein said 
executing is performed at a speed that enables the functional 

15 portion of the integrated circuit to be tested at its full 
operational speed. 

13. The method as recited in claim 9, wherein said 
transferring comprises transferring the results from the inte- 
grated circuit to an external tester. 

14. The method as recited in claim 9, wherein said 
transferring comprises using an interface complying with the 
IEEE 1149.1 (JTAG) standard, and wherein the serial output 
connection comprises the test data out (TDO) line of the 

25 JTAG standard. 

15. The method as recited in claim 9, wherein said 
re-testing comprises: 

re-executing the BIST routine until a failure is detected at 
a location within the functional portion; 

writing the location of the failure to a set of boundary scan 
cells within the integrated circuit; 

transferring the location from the set of boundary scan 
cells through the serial output connection; and 

resuming the re-execution of the BIST routine. 

16. The method as recited in claim 15, further comprising 
suspending the re -execution of the BIST routine during the 
steps of writing the location and transferring the location. 

17. The method as recited in claim 9, wherein said 
executing a BIST routine is performed at a higher speed than 
that of said transferring results. 

18. A method for testing an integrated circuit, said method 
comprising: 

testing the integrated circuit to obtain a failure count; and 

depending on a value of the failure count, re-testing the 
integrated circuit by: 

executing a built-in self-test (BIST) routine to test a 
functional portion of the integrated circuit, wherein 
said executing is suspended if a failure is detected at 
a location within the functional portion; 
writing the location of the failure to a set of boundary 

scan cells within the integrated circuit; 
transferring the location from the boundary scan cells 
through a serial output connection associated with an 
interface also comprising serial input, mode control, 
and clock connections; and 
resuming execution of the BIST routine. 

19. The method as recited in claim 18, wherein the 
integrated circuit comprises a semiconductor memory 
device, the functional portion comprises a semiconductor 
memory, and the location comprises a memory location. 
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20. The method as recited in claim 18, wherein said 
transferring comprises using an interface complying with the 
IEEE 1149.1 (JTAG) standard, and wherein the serial output 
connection comprises the test data out (TOO) line of the 
JTAG standard. 

21. A test architecture comprising multiple semiconductor 
memory circuits, wherein each memory circuit includes a 
memory self-test circuit, and wherein the memory circuits 
are adapted to be coupled together during testing such that 
test findings from all of the memory self-test circuits may be 
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obtained using a single external tester, without altering the 
coupling of the tester to the memory circuits. 

22. The test architecture as recited in claim 21, wherein 
each memory circuit further comprises a test interface circuit 
adapted to control testing of the corresponding memory 
circuit by the corresponding memory self-test circuit. 

23. The test architecture as recited in claim 21, wherein 
each test interface circuit complies with the IEEE 1149.1 
(JTAG) standard. 
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